Repetitive flower closure (nyctinasty) is influenced by various regulatory mechanisms, but its ultimate function remains unclear. It is hypothesized that closed corolla may protect a plant's reproductive organs against various unfavourable environmental conditions. We investigated if repetitive flower closure enhances pollen viability and prevents pollen loss in an early spring flowering species, Crocus discolor, occurring in open grasslands of submontane to subalpine zones of the Western Carpathian Mountains. Artificially interrupted temporal petal closure resulted in lower pollen viability, but it had no effect on the pollen availability in flowers. The latter result suggests that wind did not cause pollen loss from open flowers, but whether closed corolla may protect reproductive organs from being damaged by hail or rain remains to be tested. Closing corolla may serve as a pollen protection mechanism, particularly in early flowering plants facing harsh environmental conditions.
Introduction
Rapid plant movement has been studied since Darwin (1880) and proximate mechanisms underlying flower closure, an apparent example of plant movement, received strong attention (reviewed by van Doorn and van Meeteren, 2003; van Doorn and Kamdee, 2014) . Various regulatory mechanisms, such as temperature (Mu et al., 2010; Calinger et al., 2013) , light conditions (Bai and Kawabata, 2015; Maguvu et al., 2018) , or internal circadian rhythm (Samarakoon and Peiris, 2005) were found to influence single flower closure, but its ultimate, evolutionary function is still unclear (van Doorn and van Meeteren, 2003 ). Plant's fitness accrual is likely an important evolutionary feature influencing the time of closing (Ashman and Schoen 1994) .
Certain species close their petals only once (e.g., Sigmond, 1929 Sigmond, , 1930 , while some others manifest repetitive closure and opening of petals (e.g., Abdusalam and Tan, 2014) . Single closure is widespread in angiosperms and is related to the onset of pollination in certain species (e.g., Castro et al., 2008; Fründ et al., 2011; Prokop and Neupauerová, 2014; Liu et al., 2017) , which ultimately reduces costs associated with floral longevity (Ashman and Schoen, 1997; Galen et al., 1999) . Repetitive closure is more puzzling, because it requires an expenditure of energy necessary for each flower opening/closure (Ram and Rao, 1984) . Apart from the endogenous circadian rhythm of flowers, diurnal petal movements were shown to be associated with daily changes in light/dark and temperature (so-called nyctinasty; Darwin, 1880; Palmer and Asprey, 1958) . Plant species with petal movements typically grow in habitats with large diurnal temperature changes or high dew and rainfall (He et al., 2006; Von Hase et al., 2006) , and/or flower early in spring (Abdusalam and Tan, 2014) . From an evolutionary point of view, repetitive closure is expected to be selected to optimize reproductive success at a minimal (metabolic) cost (van Doorn and van Meeteren, 2003) . It is suggested that repetitive closure can perhaps avoid the cost of scent production during the night or protects reproductive organs against unfavourable environmental factors ( van Doorn and van Meeteren, 2003) . Experimental evidence is, however, scarce. It was determined that artificially interrupted flowers showed delayed anther development, slower germination of pollen on stigmas, reduced fertility (Abdusalam and Tan, 2014; Liu et al., 2017) , enhanced removal of pollen from anthers by raindrops (Bynum and Smith, 2001; Abdusalam and Tan, 2014) and higher rates of florivory (Prokop and Fedor, 2016; Tagawa et al., 2018) . We also speculate that flower closure during the night may maintain pollen quality, because decreased night temperatures and increased moisture have a negative impact on pollen viability (Pressman et al., 1998; Von Hase et al., 2006; Wu et al., 2012) .
In this study, flowers were manipulated to remain open. We experimentally investigated whether a stable microenvironment, provided by repetitive closure, enhances pollen viability and availability in Crocus discolor G. Reuss. Crocus spp. (Iridaceae) have generally T recalcitrant pollen (Chichiriccò, 2000; Franchi et al., 2002) , which means that pollen is presented and dispersed with a high water content (> 30%) and has a short lifespan (Franchi et al., 2002 , but see Pacini et al., 2014 . This makes these species good models for testing the pollen viability hypothesis. We expect lower pollen viability in flowers manipulated to remain open than in flowers able to close. Furthermore, we experimentally investigated that exposure of flowers to harsh cold and a windy environment during the night can negatively affect the male reproductive success of C. discolor by wasting pollen from anthers.
Materials and methods

Study species and area
Crocus discolor is a single-flowered species with its centre of distribution in the Western Carpathian Mountains of Slovakia and Poland. It grows on meadows and pastures from submontane to subalpine zones. It has one stem arising from a corm, flowering in the early spring (March and April, till June at high elevation). Cup-shaped, radially symmetrical, violet coloured, hermaphroditic flowers are composed of six petals (2-3.5 cm long) arranged in two whorls. The orange coloured style, with three stigmatic lobes, exceeds three yellowish anthers. At least in closely related species C. vernus, pollen grains are covered by numerous tryphine (pollenkitt) droplets (Weryszko-Chmielewska and Chwil, 2011) which is an adhesive material present around pollen grains in entomophilous plants (Pacini and Hesse, 2005) . The major pollinators of Crocus spp. are bees and syrphid flies (Totland and Matthews, 1998; Lunau et al., 2016) , which collect pollen and nectar (Weryszko-Chmielewska and Chwil, 2011) . Floral longevity of C. discolor is ∼ 5 days (P. Prokop, personal observations), and flowers close every evening and open in the morning. Crocus spp. combine sexual reproduction with a form of vegetative propagation (Negb et al., 1989) . Trade-offs between these reproductive modes rarely result in resourcebased trade-off between clonal and sexual reproduction (e.g., Mendoza and Franco, 1998; Thiele et al., 2009 ). We therefore do not think that the existence of vegetative propagation could influence sexual propagation of the study species.
Research was carried out between 15 and 20 April 2018 in Donovaly, Central Slovakia (48°88′N, 19°23′E) . This area belongs to the Low Tatras National Park. These grasslands are home to a highly abundant population of C. discolor.
Effect of floral closure on pollen viability
A total of 46 C. discolor plants, with closed flowers, were excavated from the study population along with surrounding substrate to minimise disturbance. They were transported to the private garden of the first author in Western Slovakia (48°23′N, 17°35′E) and individually planted in plastic flower pots (vol. 3.5 L). Each plant was watered and placed in an open, unscreened place. The subsequent day, when the flowers opened, we treated half of them (N = 23) with a wire to prevent flower closure following Prokop and Fedor (2016) (Fig. 1) . The other flowers (N = 23) remained intact and served as a control group. Climatic conditions of Donovaly, where C. discolor occurs, partly differ from conditions of private garden of the first author where the experiment on pollen viability was carried out. Temperature and relative humidity in Donovaly (obtained from meteoblue.com specifically for experimental days) ranged between 6-19°C and 60-80%, respectively. In Trnava, where plants were transported, the temperature and relative humidity ranged betweeen 6-25°C and 60-78%, respectively. It was, however, impossible to perform this experiment directly in the study area due to logistic constraints.
After 5 days, pollen grains from both the treated and control group of flowers were carefully transferred from anthers to glass slides. A drop (30 μl) of solution (1% 3-(4.5-dimethyl-2-thiazolyl)-2.5-diphenyl-2H-tetrazolium bromide (MTT) in 5% sucrose. Sigma-Aldrich) was added and covered immediately with a coverslip (Rodriguez-Riano and Dafni, 2000) . After 20 min of incubation the viability of the pollen grains was observed and photographed by optical microscope (Arsenal LS 1000 A) equipped with a digital camera (Canon® PowerShot A640). The pollen grain was considered viable if it turned dark. Dead pollen grains do not stain (Fig. 2) . The proportion of dead pollen grains per place was counted on three different, randomly selected places on each slide.
Effect of floral closure on pollen loss
The experiment was carried out at the study site between 6 and 8 May 2018. Days were rainless and windy, with day and night temperature ∼ 21°C and ∼ 10°C, respectively. The activity of pollinators was fairly low. Thirty flowers were individually marked with a red ribbon. On the first day of flower opening, fifteen flowers were treated identically as captive flowers (please see above) and another 15 flowers served as controls. After 48 h, all stamens (N = 3 per flower) were cautiously removed and stored in 92% ethanol in 5 ml plastic vials for subsequent pollen counts.
Pollen was released from the anthers by sonication in an ultrasound bath for 10 min. The solution was then evaporated from the tubes at 60°C in the oven. Dried pollen grains were resuspended in 1 ml of 70% ethanol:glycerol (4:1) solution and again sonicated. 10 μl of the solution in three replicates were placed on a glass slide with a micropipette, covered with cover glass and all pollen grains were count. The total amount of pollen grains left in a flower was consequently calculated by multiplying the average pollen grain count in 10 μl volume by 100.
Statistical analyses
The proportion of dead pollen grains was Box-Cox transformed to achieve normality and then defined as the dependent variable in Generalized Linear Mixed Models (GLMM). Treatment was the categorical predictor and plant identity was defined as a random factor. The number of pollen grains per flower between the experimental and control groups was compared with t-test for independent samples. Statistical analyses were performed in SPSS ver. 23.
Results
Pollen viability
The proportion of dead pollen grains varied between 0 and 100% (M = 19.4, SE = 4.31, N = 46) . The mean proportion of the dead pollen grains was significantly higher in the experimentally treated flowers (M = 33.3%, SE = 4.39) when compared with control flowers (M = 5.4%, SE = 0.82) (GLMM, F 1,136 = 29.3, P < 0.001).
Pollen count
The number of pollen grains, remaining in flowers after two days, varied between 1066 and 29,700 (M = 10,752, SE = 1488.1, N = 30). There was no significant difference in the mean number of pollen grains between the experimental group (M = 13,148, SE = 2043.7, N = 15) and the control group (M = 8,355, SE = 2043, N = 15) (t-test, t 28 = 1.66, P = 0.11).
Discussion
This study revealed the functional significance of repetitive flower closure in C. discolor under natural conditions. As far as we are aware, this is the first study testing the significance of corolla closure for pollen viability. Our results confirmed the prediction that artificial interruption of petal closure would lower pollen viability in experimental flowers. No difference was found, however, in the pollen availability remaining in both the experimental and control flowers.
Pollen viability
Closing corolla during the night may protect pollen grain viability in various ways. First, viability and germinability of highly hydrated pollen grains, such as those in Croccus spp., may be compromised (Nepi and Pacini, 1993; Franchi et al., 2014) , particularly when the relative humidity is low (Franchi et al., 2002; Fonseca and Westgate, 2005; Bahramabadi et al., 2018) , or too high (Aronne, 1999; Von Hase et al., 2006; Abdusalam and Tan, 2014) . Closed petals could provide optimal humidity which maintains pollen grains viability (van Doorn and van Meeteren, 2003) . The second mechanism is also directly related to the microenvironment inside closed corolla. Flower closure may reduce the risk of entry of airborne pathogens (van Doorn and van Meeteren, 2003) . Flower closure may possibly keep petals dry which inhibits microbial growth. This possibility could also explain why several flowers open after the morning dew has already disappeared, and why some nocturnal flowers close before the dew occurs (van Doorn and van Meeteren, 2003) . Finally, low night temperatures in open corollas could impair pollen viability, similarly as it was found in sweet pepper (Capsicum annum) (Pressman et al., 1998) . In flowering plants, the optimal temperature is important for pollen development, pollen and stigma viability, pollen germination, and seed development (Li and Huang, 2009; Song et al., 2013; Pacini et al., 2014) . The microenvironmental temperature inside flowers closed during the night is higher than the ambient environmental temperature, suggesting that repetitive floral closure can maintain the temperature inside the flowers (Abdusalam and Tan, 2014) .
Pollen loss
We further hypothesized that repetitive flower closure may protect anthers from pollen loss. In Tulipa iliensis, strong winds removed a higher pollen percentage from the anthers of open flowers at night than from naturally closed flowers (Abdusalam and Tan, 2014) . Experimentally treated C. discolor flowers, on the other hand, showed no differences in total number of pollen grains in comparison with untreated flowers. This species has relatively large pollen grains (mean size ± SD = 96.9 ± 8.9 μm, range 82-137 μm, n = 300 pollen grains from 20 flowers, this study), almost twice larger than grains of Tulipa sp. (Pollen Image Library, http://www-saps.plantsci.cam.ac.uk/pollen), and they might be too heavy to be easily dislodged by strong winds. High variation in amount of pollen available in flowers of both treatments (ranging from 1067 to 29,700 pollen grains per flower) could be a results of limited amount of pollinator visits and could outweight potential differencies between treatments.
It is also possible that flower closure can protect reproductive organs from being damaged by hail or rain (van Doorn and van Meeteren, 2003; Abdusalam and Tan, 2014) . This possibility is highly relevant particularly for mountain plants, exactly like Crocus spp., where raining is relatively common. However, the experiment was conducted in rainless conditions and thus, it was not possible to infer this possibility. Timing of anther collection in relation to pollinator activity could also possibly influence pollen availability, but the flowers of both treatments were exposed simultaneously to pollinators over two days, so this variable does not seem to have any influence on the results obtained in this study.
Conclusions
In conclusion, we found that flower closure protects the reproductive organs of C. discolor thus maintaining the viability of pollen grains. It is possible that flower closure evolved as protective strategy in early flowering plants, particularly due to harsh environmental conditions. Further research may investigate microclimatic conditions in closed corollas and interactions with pollinators as well as the physical influence of rainfall on flower fitness.
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